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Vertebrate alcohol dehydrogenases (E. C. 1.1.1.1, ADH 1 ) are involved in the metabolism of relatively non-polar alcohols and aldehydes (1) . The five different human enzymes have broad substrate specificity, oxidizing primary and secondary alcohols and reducing their corresponding carbonyl compounds. Specific inhibitors of these dehydrogenases would be useful for defining substrate specificity, for studying the physiological roles of the enzymes and for preventing the oxidation of methanol and ethylene glycol to toxic products (2-6).
Formamides and sulfoxides are analogues of the carbonyl substrates, are bound preferentially to the enzyme-NADH complex, and are potent uncompetitive inhibitors against varied concentrations of alcohol (7) (8) (9) (10) (11) (12) (13) (14) (15) . Uncompetitive inhibitors could be especially useful for controlling alcohol metabolism since they are effective even when the concentrations of alcohol are saturating. Previous studies identified some potent uncompetitive inhibitors for human (14, 15) , horse (10, 11, 14, 15) , monkey (11) , and rat (10, 11) liver alcohol dehydrogenases. We now extend the studies with 14 new branched-chain and chiral formamides in order to explore active site topologies and to make more effective inhibitors for the mouse (MmADH1) and human (HsADH1C*2) enzymes. For comparison, we also studied the potency of five sulfoxides and two 4-substituted pyrazoles with purified MmADH1.
We also studied the inhibition by five compounds of ethanol metabolism in mice as a model animal. We used numerically integrated rate equations that describe the non-linear progress curves and provide good estimates of inhibition constants in vivo. The results provide information for optimizing the sizes of inhibitors for maximal efficacy. About 100 mg of protein was obtained from 9 L of culture. Electrophoretic analysis using polyacrylamide gel with sodium dodecyl sulfate showed a single band at the position expected for an ADH subunit (40 kDa). The ratio of tyrosine to tryptophan predicted from the sequence (3:2) was confirmed with an UV-absorption spectrum of the protein in 0.1 M NaOH (17) . The absorption at 280 for a 1 mg/ml solution was estimated to be 0.37 at neutral pH from the spectrum in alkali. The turnover number was determined to be 0.66 s -1 and 1.07 s -1 based on a standard assay (18) at 25 ºC and 37 ºC, respectively.
X-Ray Crystallography-Crystals of wild-type EqADH complexed with NADH and (R)-N-1-methylhexylformamide were prepared as described by the general procedure used previously (19) . Recrystallized horse liver enzyme from Boehringer Mannheim (about 0.5 ml of 9.4 mg/ml) was dialyzed at 4 ºC against 10 ml of 50 mM ammonium N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonate, pH 6.7 (measured at 25 ºC) with 1 mM NADH and 5 mM (R)-N-1-methylhexylformamide, and the concentration of 2-methyl-2,4-pentanediol was raised over 24 days to 21%, when crystals formed. The concentration of diol was finally raised to 25% over 17 more days. X-ray data were collected at 100 K at the IMCA-CAT beam line at the Advanced Photon Source at Argonne National Laboratories with a wavelength of 1.000 Å, a crystal to detector distance of 140 nm, an exposure time of 1 s, and an oscillation angle of 0.3 Å, for a total of 600 images. The data were processed with DEN20 and SCALEPACK (20) . The structure was solved by molecular replacement using AMORE (21) and the coordinates for the refined wildtype horse ADH-NAD + -2,3,4,5,6-pentaflourobenzyl alcohol complex (PDB entry 1hld) as a model. The structure was refined by cycles of restrained refinement using REFMAC (22) and model building with the program O (23). The initial electron density maps were calculated without including the formamide, but after one cycle of refinement, the positions for the formamides in all four subunits were readily apparent. Initially, the dictionary used for NADH maintained planarity of the nicotinamide ring, but the electron density maps clearly showed that the ring was not planar. Therefore, during the final cycles of refinement, the dictionary for NADH was modified to remove the restraints on planarity and torsion angles, as would be appropriate for NADH.
Biological Evaluation-The effects of the inhibitors on ethanol metabolism in mice were studied by the following procedure. Fed, male Swiss-Webster mice (20-25 g, obtained from
Harlan-Sprague, Indianapolis, Indiana, USA) were administered intraperitoneal injections of the inhibitor in a dose of 0 to about 1 mmol/kg of body weight. The solutions of inhibitor were 0.1 M or lower in physiological saline. Ethanol (4 M in physiological saline) was administered 20-30 min later, by intraperitoneal injection at 65 mmol/kg of body weight. Blood samples (10 µl) were drawn from the tail at intervals timed from the ethanol injection. The blood alcohol concentration was determined by gas chromatography as previously described (10) . Previous studies showed that the K i values are not dependent on the substrate used and that the inhibition constants determined for the forward or reverse reaction were about (within 2-fold) the same (10, 13-15). The simplest kinetic explanation for the inhibition results is the Ordered Bi Bi mechanism where the inhibitor binds only to the enzyme-NADH complex. For this mechanism, the K i values represent true dissociation constants since the concentrations of coenzyme were saturating, and dissociation of NADH is rate-limiting for turnover (10) .
RESULTS

Evaluation of Inhibitors with Purified Enzymes-We
The inhibition constants for EqADH, MmADH1, and HsADH1C*2 are presented in Table I .
The K i values for most of the formamides ranged from about 1 to 100 µM, indicating potent inhibition. These enzymes have a few differences of amino acid residues in the active sites and thus different specificities, which are reflected in K i values that can differ by 10-fold or more among the enzymes. It is significant, for instance, that the linear N-n-propyl-and N-nbutylformamides (1, 2) bind more tightly to EqADH and MmADH1 than to HsADH, whereas the secondary formamides that are branched at the one position (7, 8, 9, 10, 11, 12, 13, 14 and 20)
bind more tightly to MmADH1 and HsADH than to EqADH. (R)-N-1-Methylhexylformamide (7), its heptyl analogue (10) We also determined inhibition constants for sulfoxides and pyrazoles with MmADH1. The sulfoxides bind to the E-NADH complex and are uncompetitive inhibitors against varied concentrations of alcohol, whereas the pyrazoles bind to the E-NAD + complex and are competitive inhibitors. The values for MmADH1 are similar to those observed for EqADH, HsADH1C*2, and rat ADH (10, 11, 15) . The 3-substituted thiolane 1-oxides (alkyl derivatives of the 5-membered tetramethylene sulfoxide ring) are potent inhibitors of all of the enzymes, whereas the methyl alkyl sulfoxides are much less potent. The 4-substituted pyrazoles are also potent inhibitors.
X-ray Crystallography-The structure of EqADH complexed with NADH and (R)-N-1-methylhexylformamide was determined at 1.57 Å resolution. The X-ray data collection and refinement statistics are summarized in Table II . The asymmetric unit contained two molecules of enzyme; all four subunits have very similar structures, which are very similar to those of other ADH complexes, and are in the closed conformation (13, 19, 24) . The location of the formamide is well-defined in the electron density maps ( Fig. 2A) . The results show how the enzyme binds the aldehyde analogue and accommodates the hexyl group.
The geometry of binding suggests that the formamide mimics the Michaelis complex with NADH and aldehyde (Fig. 2B) . Significantly, the nicotinamide ring of the NADH-(R)-N-1-methylhexylformamide complex is in a boat conformation where the N1 and C4 atoms are not in the same plane as atoms C2, C3, C5, and C6. The puckering of the nicotinamide ring can be described by the angle αN1 between the planes defined by atoms C2-N1-C6 and C2-C3-C6, angle αC4 between the planes defined by atoms C3-C4-C5 and C2-C3-C6, and the twist (distortion of the boat) calculated as the distance in angstroms between C5 and the plane defined by atoms C2-C3-C6 (25) . For the formamide complex, αN1 is 12 ± 2°, αC4 is 18 ± 4°, and twist is 1.2 ± 0.7 Å, mean values for the four subunits.
Biological Evaluation in Mice-The effects of five selected inhibitors on the rate of metabolism of ethanol were studied with mice, and the progress curves were fitted to an overall mechanism that provides in vivo inhibition constants and rate constants for the time-dependent elimination of the inhibitor. (In this context, we use the term "elimination" to include the metabolism and excretion of the alcohol and inhibitors.) The results presented in Fig. 3 show that N-1-methylhexylformamide significantly decreases the rate of elimination of ethanol. In the absence of inhibitor, the kinetics are zero-order, which is due to the saturation of the alcohol metabolizing system (i.e., it is at maximum velocity) and is typical of animals (26) . In the presence of inhibitor, the time required for complete elimination of alcohol is substantially longer, showing that inhibitors are active in vivo. However, the progress curves are not linear, probably due to elimination of the inhibitor and decreased efficacy over time. Thus, elimination rates and in vivo K i values are not easily calculated. Previous studies used estimates of the initial velocity of ethanol elimination in order to obtain K i values (10) (11) (12) . Advances in computing now provide a more robust method of analysis.
Numerical integration was used to fit the full progress curves to a mechanism that describes the overall process (27, 28) , and the apparent in vivo K i values and the rates of elimination of the inhibitors were determined. The mechanism used for the simulation is given in Fig. 4 . The
Ordered Bi Bi reaction of alcohol dehydrogenase is modified by including the binding of the inhibitor (I) to the enzyme-NADH complex to form E-NADH-I, which accounts for the uncompetitive inhibition against alcohol. The elimination of inhibitor (I J) by a first order process is expressed as an additional reaction. Previous studies that directly determined the concentration of inhibitor in blood of rats gave a first order rate constant for isobutyramide of 0.042 min -1 (12) and for tetramethylene sulfoxide of 0.075 min -1 (10) . Although ADH is the major enzyme system involved in ethanol metabolism (~ 90%), other metabolic pathways such as a cytochrome P450 (CYP2E1) and excretion can account for elimination of ethanol when the ADH inhibitor is saturating. In rats, non-ADH pathways were estimated to contribute about 10% of the total rate and to have an apparent K m value for ethanol of 21 mM (12). Sophisticated isotopic methods also show that alcohol dehydrogenase accounts for the metabolism of at least 89% of the ethanol (29, 30) . Thus, the reaction of enzyme F is added to the overall mechanism.
Many of the rate constants for the mechanism in Fig. 4 can be estimated from kinetic constants that have been determined for liver alcohol dehydrogenases (31, 32) . Since ADH is typically saturated with substrates during ethanol metabolism, the turnover number (V max ) of ADH controls the rate of ethanol metabolism, and this is usually controlled by the rate-limiting release of NADH, k +4 , which is the only sensitive rate constant for the ADH reaction. The maximum rate of ethanol elimination is the product of enzyme concentration and k +4 . The concentration of ADH is calculated from the rate of ethanol elimination in the absence of inhibitor. (The concentration of ADH is calculated for the whole body mass and is consistent with measurements based on ADH activity in the liver and the fraction of body mass that is liver (33, 34) ). Similarly, the concentration of enzyme F and its turnover number (k +8 ) are set to account for 10% of the overall rate of ethanol elimination at the dose of ethanol used.
The data in Fig. 3 are described well by the mechanism in Fig. 4 , and the estimates of the fitted parameters are good (Table III) . All of the inhibitors are effective in vivo. The rates of elimination of the inhibitors determined from these data are comparable to those determined from analysis of the remaining compounds in blood levels during the ethanol elimination (10, 12) . However, the in vivo K i values are typically about an order of magnitude larger than the ones determined in vitro with isolated enzyme. Previous studies showed that inhibition by tetramethylene sulfoxide, isobutyramide, isovaleramide, and 4-methylpyrazole also was characterized by larger K i values in vivo as compared to in vitro (10, 12) . The differences are not due to the different units being used (moles/liter in vitro; moles/kg in vivo) since the animal has about 70% body water (0.7 ml/g) as determined from the concentration of ethanol at zero time (moles/liter) as compared to the dose of ethanol (moles/kg). The differences do not appear to be due to an incorrect mechanism as previous studies showed that the types of inhibition by these compounds are essentially the same in vitro and in vivo (10, 12) . The differences are not due to metabolism of the inhibitors as the analysis of progress curves accounts for the elimination, and initial velocity analysis gives similar results. A simple explanation is that the bioavailability of the inhibitors in the animals reduces the effective concentration of free inhibitor and thereby increases the apparent K i values. If the compounds were preferentially absorbed in extrahepatic tissues or membranes, the concentration of free inhibitor in the liver cytosol would be reduced.
Potent inhibition in vivo requires a compromise in lipophilicity that is optimized for affinity for ADH and bioavailability. Increasing the size of the aliphatic side chain, from isopropyl to methylhexyl for instance, decreases the in vitro K i , but has little effect on the in vivo K i (Table   III) . Similarly, 3-butylthiolane 1-oxide is a better inhibitor in vivo than the more hydrophobic 3-phenyl and 3-hexyl derivatives or the less hydrophobic tetramethylene sulfoxide and 3- formamide oxygen is ligated to the catalytic zinc at a distance of 2.2 Å (Fig. 2A) . The oxygen forms a hydrogen bond to the hydroxyl group of Ser-48, which is connected to the 2'-hydroxyl group of the nicotinamide ribose and eventually to His-51, which is on the surface of the enzyme (19) . This system appears to relay a proton between substrate and His-51, which acts as an acid/base catalyst (19, (35) (36) (37) . The inhibitor binds with a cis conformation, which produces a potential cation-π interaction between the amide N-H and the benzene ring of Phe-93 of the enzyme. The formyl group of the formamide is oriented as would be expected for direct transfer of hydrogen from the nicotinamide ring of the coenzyme to the re face of the carbonyl carbon (Fig. 2B) . The distance between the carbonyl carbon of the formamide and C4N of NADH is 3.6 Å, which is reasonable for the ground state for hydride transfer.
The puckering of the nicotinamide ring of NADH has not yet been observed in any other structure of a complex of a dehydrogenase with NADH and a substrate or substrate analogue. A twisted boat conformation has been observed for a complex of EqADH with NADH and a bound water, but the relevance of the complex for the catalytic mechanism is not clear (25) . The Structure-Function Relationships-These studies provide data for the design of potential therapeutic agents and for correlating structure and function of the liver alcohol dehydrogenases.
The inhibition constants determined in this study are thermodynamic dissociation constants that reflect the energetics of multiple binding interactions. Thus, the binding of the inhibitors is a measure of substrate specificity.
In order to explain the results in Table I, ligands. There are also other differences in the amino acid residues that make contact with the residues in the active site, and these may affect specificity through indirect effects on conformation and enzyme flexibility.
The amino acid residues in the substrate binding site are all aliphatic or aromatic ( Fig. 2A) .
Only the catalytic zinc and Ser-48, which interact with the O of the substrate are polar. Thus, we expect that tight binding is associated with good van der Waals contacts or hydrophobic interactions, a lack of voids that would accommodate water molecules, and the absence of steric conflicts. We expect that an inhibitor that fills the space should bind optimally. Of course, the binding modes can vary due to flexible amino acid side chains that adapt to the ligand structure and optimize interactions (24) .
The modeling shows that all of the formamides can fit, without bad steric contacts, into the substrate-binding sites, sometimes with small changes in positions of the amino acid side chains.
However, it does not appear that binding affinity simply reflects hydrophobic interactions, as there are only modest changes in affinity as the size of the inhibitor (number of carbons) is increased (Table I) . For instance, increasing the chain length from N-isopropyl (4) to (R)-N-1-methyhexyl (7) slightly decreased affinity for the horse enzyme, whereas affinities for the mouse and human enzymes were increased by about an order of magnitude. In general, the mouse and human enzymes have higher affinities for the larger molecules, which might be attributed to the substitutions at residue 141 (42) . Consistent with this explanation is that the N-1-ethylhexyl and N-1-ethylheptyl formamides (13, 14) bind less well than the N-1-methyl derivatives (9, 10) to the horse enzyme whereas they bind more tightly to the mouse and human enzymes. However, our modeling suggests that the N-1-ethyl derivatives can be accommodated in the horse enzyme in a position similar to the one observed for (R)-N-1-methylhexylformamide. Previous studies also suggested that the human enzyme could accommodate larger N,N-disubstituted, bicyclic formamides (14), and we conclude that the human enzyme has more flexibility to adapt to larger ligands than does the horse enzyme. In contrast, the N-n-propyl (1) and butyl (2) formamides bind more weakly to the human enzyme than to the horse enzyme, and this may be explained by the increased volume in the human enzyme that allows a water molecule to infiltrate and disrupt hydrophobic interactions. The factors that control binding affinity are subtle and require further studies to provide quantitative explanations.
In principle, enzymes are stereoselective for binding of inhibitors, and the horse enzyme binds the 1S isomers of 3-butylthiolane 1-oxide at least 10-fold more tightly than the 1R isomers (24) . In contrast, the binding of the R and S isomers of N-1-methylhexylformamide shows a moderate preference for the R isomer. Both isomers can be modeled into the binding sites without producing bad steric contacts. Similarly, the isomers of the other chiral inhibitors (5, 6, 10, 11, 13, 14, 16, and 17, studied as racemic mixtures) could fit into the active sites. Adding methyl groups to the cyclohexyl rings (16, 17) did not improve binding. Further work is required to define the stereochemical preferences of the active site.
As previously determined for the horse and human enzymes, the methyl alkyl sulfoxides are less potent inhibitors than the cyclic thiolane 1-oxides, for which structures of the complexes with alcohol dehydrogenase have been determined by X-ray crystallography (24) . Structures for the horse and human enzymes with pyrazole and 4-iodopyrazoles have been determined (38, 44, 45, 46) . The especially high affinity of the pyrazoles is due to the formation of a partial covalent bond, mimicking the transition state, with the bound NAD + (38) .
Biological Relevance-Liver alcohol dehydrogenase is the predominant rate-determining factor in the metabolism of ethanol and therefore a good target for inhibitory drugs (2, 10, 47) .
Since the Class I enzymes can detoxify various biogenic and dietary alcohols and aldehydes, we directed our studies to these enzymes. Recent gene knockout studies in mice provide compelling information that the ADH1 is the major enzyme involved in ethanol metabolism (48) . Mice lacking a functional ADH1 gene have a significantly decreased rate of elimination of an intoxicating dose of ethanol. Isopropylformamide, cyclohexylformamide and 3-butylthiolane 1-oxide are good inhibitors of mouse ADH1 in vitro and are effective in vivo. These results support the conclusion that ADH1 is a major factor in ethanol metabolism and the proposal that the inhibitors are relatively specific.
These compounds are relatively non-toxic. The LD 50 for N-cyclohexylformamide is 2.5 mmole/kg (14) , and that for 3-butylthiolane 1-oxide is 1.4 mmole/kg (11) . Since the effectiveness of inhibition also depends upon the rates of metabolism of the inhibitors, the results on the apparent rate of elimination can be used to devise protocols for repetitive dosing. The formamides and 3-substituted thiolane 1-oxides are almost as potent as the competitive inhibitor 4-methylpyrazole, which is being used to treat methanol poisoning, but they are uncompetitive inhibitors against varied concentrations of ethanol and thus are effective even at saturating concentrations of alcohol. These compounds should be useful for studies on the metabolism of various alcohols and for treatment of poisoning due to methanol or ethylene glycol.
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